Super-resolution fluorescence microscopes have far surpassed the diffraction limit [1] [2] [3] [4] and now allow the direct visualization of dynamic changes in cellular morphology at the nanoscale in living cells [4] [5] [6][7][8] [9] [10] [11] [12] . However, long time-lapse super-resolution imaging (nanoscopy) has been difficult to achieve, as it requires both high-density labeling 13, 14 and fluorophores with exceptional photostability 15, 16 . Most proteins, with the exception of protein polymers (for example, tubulin, actin, clathrin), are not distributed at sufficiently high density to achieve dense labeling within the cell, and most small molecule and protein fluorophores are photo-inactivated within seconds in single-molecule switching (SMS) or stimulated emission depletion (STED) experiments 9 , which precludes image acquisition over long time scales.
RESULTS

Hiding a spontaneously blinking dye in a dark state
The SMS dye HMSiR blinks spontaneously by virtue of a reversible intramolecular spirocyclization event that interconverts a closed and neutral dark form (OFF) and an open and charged fluorescent form (ON) 26 (Fig. 1a) . The position of the HMSiR ON/OFF equilibrium is pH dependent: in phosphate buffer (pH 7.4), the fraction of dye in the ON state is 1.2-1.3% (see Online Methods). However, even an ON fraction of ~1% is too high for SMS nanoscopy in a densely labeled field. Under these conditions the signals of many single molecules overlap and are rejected, and photobleaching of molecules in the ON state drains the population of photoactive molecules, precluding the acquisition of long time-lapse images. We reasoned that shifting the HMSiR ON/OFF ratio to ultra-low values could mitigate both problems: under these conditions, fewer single molecules would be rejected due to partial colocalization, allowing increased effective labeling density, and fewer molecules would be simultaneously in the ON state, decreasing the drain of photoactive molecules and favoring the acquisition of long time-lapse images. Given that the HMSiR ON/OFF equilibrium interchanges a neutral, dark state with a fluorescent, charged state, we hypothesized that placing HMSiR in a hydrophobic environment, such as within a membrane, would shift the ON/OFF ratio to ultra-low values. We further hypothesized that combining an ultra-low ON/OFF ratio with high labeling density would improve both image quality and apparent photostability and therefore the length of time during which images can be obtained.
Optimizing HMSiR for speed, resolution and environment As a prelude, to optimize the spatial and temporal resolution of SMS images obtained with HMSiR, we used an in vitro SMS assay and a fast sCMOS camera 9 to monitor the relationship between laser intensity and eight photophysical parameters (Supplementary Fig. 2) . These experiments revealed an improved localization precision (from σ = 22 nm to ~12 nm) when the laser power was increased from 1.5 to ~4-10 kW/cm 2 (Supplementary Fig. 2c ), effectively doubling the spatial resolution and improving the temporal resolution by tenfold when compared with prior studies with HMSiR 26 ( Supplementary  Fig. 3 ). Next, using these parameters, we performed in vitro experiments to determine whether placing HMSiR in a hydrophobic environment would shift the ON/OFF ratio to ultra-low values and increase the apparent photostability. First, we synthesized HMSiR-Tz (Supplementary Fig. 4 ) and determined its absorbance in phosphate buffer containing increasing amounts (10-70%) of 1,4-dioxane. As demonstrated with the related dye SiR-carboxyl 12 , the absorbance of HMSiR at 653 nm (the absorbance maximum of the open, fluorescent form) was highest in solutions containing the smallest amount of dioxane (10%) ( Supplementary Fig. 5 ); increasing the dioxane content led to a systematic decrease in absorbance at 653 nm and a concomitant increase in absorbance at 280 nm (the absorbance maximum of the closed, dark form). Next, to evaluate directly whether localization to a hydrophobic environment would improve the apparent photostability of HMSiR, we imaged HMSiR in vitro in both an aqueous and a lipid environment and compared the observed number of localizations as a function of time. HMSiR was localized within an aqueous environment by conjugating HMSiR-chloroalkane (CA) to a Halo-tagged glutathione S-transferase protein (Halo-GST) immobilized on glass and within a lipid environment by conjugating HMSiR-Tz to liposomes containing ceramide-trans-cylooctene (Cer-TCO) 28 (Fig. 1b,c) . Evaluation of the decrease in the number of localizations as a function of time revealed that the time-dependent signal loss of HMSiR in a lipid environment was more than sixfold slower than in an aqueous environment (Fig. 1d) . The ON fraction in both environments was estimated by fitting the number of localizations per frame as a function of time: these values were 0.20 ± 0.01% (s.e.m.) for GST-HMSiR (aqueous environment) and 0.033 ± 0.001% for CerHMSiR (liposomes), a sixfold decrease (Supplementary Table 1 ). These observations support the hypothesis that localizing HMSiR to a hydrophobic environment, such as within a membrane, can shift the ON/OFF equilibrium toward the neutral, dark form, reduce the ON fraction, and prolong the imaging time. The benefits of 'hiding' HMSiR in a membrane environment are also supported by Monte Carlo SMS simulations, which indicate that combining an ultra-low ON fraction (0.01%) with a high labeling density can facilitate a >20-fold increase in the number of frames with detectable images when compared with a low ON fraction (1%) and a 50-fold lower labeling density ( Supplementary Fig. 6 and Supplementary Movie 1).
Long time-lapse nanoscopy of the ER with Cer-HMSiR
The ceramide lipid Cer-TCO accumulates in the Golgi after a temperature block (20 °C) and undergoes rapid reaction with the STED dye SiR-Tz to form a conjugate, Cer-SiR, that is benign to exocytic trafficking 28 . Although the reaction product of Cer-TCO and HMSiR-Tz localizes to the Golgi (Supplementary Fig. 7a ), the pH of the Golgi (6.4 ± 0.3) 29 is too low to shift the ON/OFF ratio of Cer-HMSiR to an ultra-low value. We hypothesized that in the absence of a temperature block, Cer-TCO would also localize to the ER, whose pH is higher (pH 7.2 ± 0.2) 29 . Indeed, at 37 °C, cells treated with Cer-TCO and HMSiRTz and imaged showed evidence of colocalization between CerHMSiR and the ER marker 30 KDELR-mEos3.2, as well as the Golgi marker 31 N-acetylgalactosaminyltransferase 2 (GalNAcT2) T2-GFP (Supplementary Fig. 7b ). Based on the extended imaging of HMSiR in liposomes (Fig. 1d) and Monte Carlo simulations ( Supplementary  Fig. 6 ), we predicted that reaction of HMSiR-Tz with Cer-TCO in live cells would generate the conjugate Cer-HMSiR and enable long time-lapse super-resolution imaging of the ER (Fig. 2a) . Live-cell SMS imaging of the ER labeled in vivo with Cer-HMSiR revealed multiple tubules in the cell periphery that were ~50 ± 3 nm wide (Fig. 2b) , a value comparable to ER morphology metrics determined using electron microscopy 32 . A cell labeled with Cer-HMSiR could be imaged for 500 s (8 min) with a temporal resolution of 2 s (250 images); during this time, individual tubules remained visible and new tubules were observed (Fig. 2b) . A 2-s SMS snapshot from a 25-min time-lapse movie of another cell ( Fig. 2c and Supplementary Movie 2) clearly distinguished ER tubules (t) and apparent 'sheets' (s) and revealed sheet-like ER with fine fenestrations (f) 32 . Notably, over the course of 25 min, small buds appeared within dense tubules and individual tubules extended, reversed and formed small loops (Fig. 2d, Supplementary Fig. 8 and Supplementary Movie 3). ER structures also dynamically interconverted between tubules and sheets ( Fig. 2e,f) . The temporal resolution can be increased to 0.1 s, but image quality suffers ( Supplementary Fig. 9 and Supplementary Movie 4). Direct comparison between long timelapse SMS and diffraction-limited images indicate that nanoscale dynamics were evident only at super-resolution (Supplementary Movie 5). Cells labeled with Cer-HMSiR can be imaged for tens of minutes whereas those labeled with ER-tracker Red bleach within 2 min. ER-tracker Red also requires photoactivation, as well as a potentially cytotoxic oxygen depletion system for imaging ( Supplementary  Fig. 10 ). To the best of our knowledge, Supplementary Movie 2 is the longest movie ever recorded with a lateral spatial resolution <50 nm and a 2-s temporal resolution. Moreover, illumination with far-red excitation (642 nm), a key feature of the silicon-rhodamine scaffold, is far less phototoxic than excitation in the UV to visible spectrum 25 : even after 15 min of SMS illumination, 60% of the imaged HeLa cells remained viable (Supplementary Fig. 11 ).
These results indicate that long time-lapse, super-resolution imaging (>20 min) of ER dynamics can be achieved when the labeling density is high and the ON/OFF ratio of HMSiR is shifted to ultra-low values within a hydrophobic membrane environment. The advantages of this combination are most evident by comparing the images obtained when HMSiR is conjugated to an ER-resident protein 33 , such as Halo-Sec61β 11 , or to the lipid probe Cer-TCO (Supplementary Movie 6). Although the signal from Sec61β-HMSiR was initially 2.3-fold higher than that from Cer-HMSiR, it decayed far more rapidly (Fig. 2g ). An exponential fitting of the number of localizations as a function of time revealed that the signal from Sec61β-HMSiR decayed with a lifetime of τ = 7.6 ± 0.8 s, in good agreement with the value determined in vitro (τ = 7.6 ± 0.5; Fig. 1d ), whereas the signal from Cer-HMSiR decayed with a lifetime of τ = 414 ± 27 s, a 55-fold increase (Fig. 2h) . A more detailed analysis of the imaging data revealed that the labeling density provided by Sec61β-HMSiR was 163 ± 10 molecules/µm 2 whereas the density provided by Cer-HMSiR was 5,041 ± 724 molecules/µm 2 , a 31-fold increase (Supplementary Table 1 
A r t i c l e s
The ON fraction in both cases was estimated by fitting the number of localizations per frame as a function of time: these values were 0.178 ± 0.015% for Sec61β-HMSiR and 0.0024 ± 0.0003% for CerHMSiR, a 52-fold decrease (Supplementary Table 1 ). These quantitative comparisons reveal that combining a 30-fold higher labeling density with a 50-fold lower ON ratio enables the acquisition of SMS images over 750 frames, fully in line with predictions from Monte Carlo simulations.
To extend these findings, we next asked whether the combined benefits of an ultra-low ON fraction and high labeling density would enable super-resolution imaging of other cellular organelles. Although biochemical and lipidomic studies 34 have provided detailed information about organelle-specific lipid distributions, we took a simpler approach and exploited established organelle-specific membrane dyes, suitably modified with an appended TCO to enable in situ conjugation with HMSiR-Tz, to facilitate super-resolution imaging of both the mitochondria and plasma membrane.
Long time-lapse nanoscopy of mitochondria with RhoB-HMSiR Cationic rhodamine derivatives localize to mitochondria 35 but do not blink spontaneously 8 . We synthesized the cationic rhodamine derivative RhoB-TCO (Fig. 3a) in two steps from commercially available rhodamine B (Supplementary Fig. 12 ). Cells treated with RhoB-TCO and HMSiR-Tz showed evidence of colocalization between RhoB-HMSiR and the mitochondrial marker 36 tdEos-TOM20 (Supplementary Fig. 13 ). When imaged under SMS conditions, the mitochondria 37 of cells expressing Halo-OMP25 and treated with HMSiR-CA to generate OMP25-HMSiR could be visualized for only 20 s (Fig. 3b) whereas those of cells treated with RhoB-TCO and HMSiR-Tz to generate RhoB-HMSiR could be imaged for more than 400 s (7 min) with a temporal resolution of 2 s (Fig. 3c and Supplementary Movie 7). Individual mitochondria remained visible throughout the entire movie (Fig. 3c) . The SMS images also revealed a branching mitochondrial network that is blurred in the diffractionlimited image (Fig. 3d ). An exponential fitting of the number of localizations over time showed that the signal from RhoB-HMSiR decayed with a lifetime of τ = 196 ± 33 s whereas the signal from OMP25-HMSiR decayed 13-fold faster (τ = 15 ± 1 s) (Supplementary Table 1) . A more detailed analysis of the imaging data revealed that RhoBHMSiR provided a labeling density of 1,014 ± 114 molecules/µm 2 , whereas the density was 400 ± 33 molecules/µm 2 with OMP25-HMSiR. The ON fraction in both cases was estimated as described above; these values were calculated as 0.00437 ± 0.0004% and 0.062 ± 0.007%, respectively (Supplementary Table 1 ). The 14-fold lower ON fraction of RhoB-HMSiR when compared with OMP25-HMSiR correlates well with the 20-fold increase in the number of acquired images, providing a second example in which hiding HMSiR in a membrane environment at high density provides tangible benefits for long time-lapse super-resolution imaging.
Long time-lapse nanoscopy of PM dynamics with DiI-HMSiR Another family of established organelle-specific dyes includes the dialkylindocarbocyanine DiI, which localizes to the plasma membrane 38 . Like RhoB, DiI does not blink spontaneously under physiological conditions 8 . We synthesized DiI-TCO (Fig. 4a ) in one step from the previously reported 39 DiI-NH 2 ( Supplementary Fig. 14) . Cells treated with DiI-TCO and HMSiR-Tz and imaged showed evidence of colocalization between DiI-HMSiR and the plasma membrane marker 40 sspH-mSmo 41 (Supplementary Fig. 15 ). Superresolution images of cells treated with DiI-TCO and HMSiR-Tz to form DiI-HMSiR in situ revealed the plasma membrane in great detail (Fig. 4b) . Only in the SMS image are individual filopodia clearly distinguished from neighbors located as close as 160 nm apart and resolved with a full width at half maximum (FWHM) as low as 36 nm (Fig. 4c) . Furthermore, the high-resolution image also allowed visualization of the dynamic movement, growth and retraction of filopodia ( Fig. 4d and Supplementary Movie 8 ). An exponential fitting of the number of localizations over time showed that the signal from DiI-HMSiR decayed with a lifetime of τ = 171 ± 27 s whereas the signal from Smo-HMSiR decayed 14-fold faster (τ = 12 ± 2 s) (Fig. 4e,f) . DiI-HMSiR provided a labeling density of 3,240 ± 441 molecules/µm 2 whereas the density was 435 ± 31 molecules/µm 2 with Smo-HMSiR, with ON fractions calculated as 0.011 ± 0.002% and 0.105 ± 0. 025%, respectively (Supplementary Table 1 ). Thus, in three different cases, combining high-density labeling with the ultra-low ON fraction of HMSiR in a membrane environment facilitated long time-lapse superresolution imaging of organelle dynamics. This strategy could easily be extended to more acidic organelles (endosomes and Golgi) using HMSiR variants whose spirocyclization equilibria are more shifted towards the dark form at low pH.
Tuning the ON fraction of a HIDE probe by rational design Having validated the hypothesis that placing the spontaneously blinking dye HMSiR in a hydrophobic membrane environment at high density provides tangible benefits for SMS imaging, we next asked whether these benefits could be further enhanced by rational changes in probe structure that further decrease the ON/OFF ratio. DiI derivatives localize within the plasma membrane with the aromatic chromophore oriented perpendicular to the bilayer plane 42 . We predicted that an analog of DiI-HMSiR containing a longer alkyl chain between the aromatic chromophore and the reactive TCO moiety (DiI-C6-TCO, Fig. 4b ) would allow the appended HMSiR to more easily sample the hydrophobic bilayer interior, further shifting the ON/OFF equilibrium to the neutral, dark form. To test this hypothesis, we synthesized DiI-C6-TCO in one step from DiI-NH 2 ( Supplementary Fig. 14) . Cells treated with DiI-C6-TCO and HMSiR-Tz and imaged showed evidence of colocalization between DiI-HMSiR and the plasma membrane marker 40 sspH-mSmo 41 ( Supplementary Fig. 15 ). Although the SMS super-resolution images of cells stained with DiI-C6-HMSiR were characterized in initial frames by 23% fewer localizations than those stained by DiI-HMSiR, the signal from DiI-C6-HMSiR decayed significantly more slowly (P < 0.0001) (Fig. 4e, Supplementary  Fig. 16 , Supplementary Table 1 and Supplementary Movie 9). An exponential fitting of the number of localizations over time showed that the signal from DiI-HMSiR decayed with a lifetime of τ = 171 ± 27 s whereas the signal from DiI-C6-HMSiR decayed 2.4-fold more slowly with τ = 406 ± 25 s (Fig. 4f) . Analysis of the imaging data revealed a labeling density of 3,240 ± 441 molecules/µm 2 and 4,821 ± 387 molecules/µm 2 for DiI-HMSiR and DiI-C6-HMSiR, respectively, with estimated ON fractions of 0.011 ± 0.002% and 0.0041 ± 0.0009% (Supplementary Table 1 ). Direct comparison of the apparent photostability of DiI-HMSiR and DiI-C6-HMSiR demonstrates the benefits of further decreases in the ON/OFF equilibrium of HMSiR achieved by rational design, with substantial benefits for super-resolution SMS imaging of the boundaries of cellular organelles. Together, these examples of mitochondrial and of plasma membrane and filopodial imaging emphasize the general applicability of HIDE probes. Simultaneously increasing labeling density and decreasing ON/OFF ratio facilitates SMS imaging of membrane structures with high spatial and temporal resolution and over a previously unachievable timespan. One could easily imagine exploiting other organelle-specific lipids 34 or dyes 38 to image multiple discrete cellular compartments in this way.
Two-color live-cell SMS nanoscopy with HMSiR
Having established HMSiR as an excellent live-cell SMS dye, we posited that its photophysical properties should nicely complement those of the photoconvertible fluorescent protein mEos3.2 (ref. 13 ). We observed minimal crosstalk (<0.1%) when imaging HMSiR and mEos3.2 despite the wide emission band of the latter ( Supplementary  Fig. 17) . To evaluate the suitability of HMSiR and mEos3.2 in twocolor live-cell SMS nanoscopy, we tested whether the pair could effectively image various combinations of five different cellular targets/tags (Fig. 5b-d and Supplementary Fig. 18 ). As expected, the proteins Sec61β 33 and KDELR 30 , when tagged with HMSiR and mEos3.2, respectively, localized extensively to the ER (Fig. 5a) . Cross-sectional line profiles from both channels exhibited FWHM values of 53 ± 6 nm and 63 ± 12 nm for tubules labeled with Sec61β-HMSiR and KDELRmEos3.2, respectively (Fig. 5b) . Additionally, an axial line profile along a single tubule reveals the differential enrichment of Sec61β-HMSiR and KDELR-mEos3.2 in different regions of the tubule. By contrast, COPβ1-mEos3.2 often appeared in puncta that were distinct from HMSiR-tagged mitochondrial (Halo-OMP25 + HMSiR-CA, Fig. 5c ) and Golgi domains demarked by Cer-HMSiR (Fig. 5d,e) . These preliminary tests validate the use of HMSiR and mEos3.2 for dual-color live-cell SMS imaging of intracellular targets.
Live-cell time-lapse nanoscopy in three dimensions Labeling density becomes even more essential to achieving high quality super-resolution images in 3D. To evaluate the benefits of Cer-HMSiR for long time-lapse 3D imaging of the ER, we visualized HeLa cells treated with Cer-TCO and HMSiR-Tz using a custom-built 3D-SMS microscope. Images taken at the cell periphery reveal the ER as a clear three-dimensional network of tubules (Fig. 6a,b and Supplementary  Fig. 19 ). Close-up views of the boxed volume in Figure 6b when viewed from the top (Fig. 6c) or from the side (Fig. 6d) and represented as a 3D cartoon (Fig. 6e) reveal a level of network complexity that would be missed or misinterpreted when imaged in only 2D. For example, when imaged in 2D, the relative orientation of the four tubules t 1 -t 4 in Figure  6c would be ambiguous as they could represent either independent tubules or junctions. Only the 3D data reveal their true connectivity (Fig. 6c-e and Supplementary Movie 10) . Tubules t 1 and t 4 are located in two different layers connected by a vertical sheet structure, s 1 (Fig. 6d,e) . There is a small gap between the tubules on the top layer, t 1 and t 2 ( Fig. 6c-e) . In addition, the relative orientation of tubules t 2 and t 3 can only be unambiguously determined by 3D imaging. They are located in two different layers, 560 nm apart ( Fig. 6d and Supplementary Fig. 20) , and the 3D imaging reveals that they are connected by the vertical tubules c 1 and c 2 to form a loop-like structure (Fig. 6d,e) . We were able to image the cell shown in Figure 6a for over 15 min with a temporal resolution of 10 s; the temporal resolution is, as expected, lower than in 2D due to the increased number of localizations needed to reconstruct a high-quality 3D image. This movie represents-to our knowledge-the longest live-cell movie achieved to date at such high 3D resolution (Supplementary Movie 11 and, rendered for red/cyan 3D glasses, Supplementary Movie 12). HMSiR in combination with Cer-TCO also facilitated the observation of 3D ER dynamics. Over the course of 266 s we could visualize a tubule elongating between different z layers to form a junction on a lower layer before continuing to elongate and finally connecting with a third tubule on a higher layer ( Fig. 6f and Supplementary Movie 13) . Finally, imaging closer to the cell center revealed not only the cytosolic ER, but also evidence that the ER traverses the nucleus (Fig. 6g) . The 3D image in the x,y plane (Fig. 6g) and the y,z cross-section (Fig. 6h) clearly show long, branching ER-derived channels within the nucleus 43 . The channel identified by the brown box exhibits a FWHM of 167 nm, whereas the ER structures associated with the nucleus exhibit a FWHM of 118 nm (Fig. 6i) . The FWHM measured for the channel is consistent with values obtained from electron microscopy sections 43 . Notably, by use of HMSiR in combination with Cer-TCO, the axial FWHM of ER channels in the nucleus was double that of images of these invaginations obtained by SIM in fixed cells with immunostained lamin B 44 . These examples demonstrate the versatility of the HMSiR/Cer-TCO combination for long time-lapse imaging of membrane structures and dynamics in 3D. Many of these structures and dynamics would be invisible when imaged in 2D.
DISCUSSION
In summary, the HIDE probes and applications described herein extend the utility of HMSiR for cellular imaging and broaden the landscape for nanoscopy imaging of organelle dynamics. Using diverse membrane probes that effectively hide the fluorophore within a membrane at high density, we achieved 2-and tenfold increases in spatial and temporal resolution, respectively, 2-color imaging with mEos3.2, and 2D as well as 3D HIDE imaging of cellular dynamics of multiple membrane structures for tens of minutes. The importance of studying the structure and dynamics of the ER using super-resolution microscopy was recently highlighted by Nixon-Abell et al. 45 . The HIDE probe Cer-HMSiR represents a valuable tool for this purpose as it enables live-cell (versus fixed) imaging at a spatial resolution of 50 nm (versus ~100 nm) 45 in 2D as well as 3D live-cell imaging over 15 min, albeit at lower temporal resolution that may potentially blur fast fluctuations. Long time-lapse imaging with two-component HIDE probes is facile and versatile: it requires neither transfection, cell permeabilization, oxygen depletion nor pre-bleaching, and easily accommodates multiple targets. Future work will benefit from new HIDE probes that span the spectrum with orthogonal chemistries to enable nanoscopy analysis of multiple organelles over long times.
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A r t i c l e s 
Cell culture.
HeLa and COS7 cells (ATCC) were cultured in Dulbecco's modified Eagle medium (DMEM) (Gibco) supplemented with 10% FBS (Sigma-Aldrich), penicillin (100 unit/mL) and streptomycin (100 µg/mL). hTERT RPE-1 cells (ATCC, CRT-400) were cultured in DMEM/F12 (Gibco) supplemented with 10% FBS, 1% nonessential amino acids (Gibco), 2 mM sodium pyruvate (Gibco), penicillin (100 unit/mL) and streptomycin (100 µg/mL). All cells were cultured at 37 °C in a CO 2 /air (5%/95%) incubator. All cells were bona fide lines purchased from ATCC and periodically tested for mycoplasma with DNA methods.
Plasmid construction. The HaloTag plasmid pFN23K-Halo plasmid was obtained from Promega Corp (Promega, G2861).
Halo-OMP25. To generate the plasmid Halo-OMP25, we first generated the plasmid pEGFP-OMP25. Plasmid pEGFP-C1 (Clontech Inc) was linearized with the restriction enzymes XhoI (NEB; R0146) and PstI (NEB; R0140) as recommended by the manufacture's double digestion reaction table (New England BioLabs NEB). The linearized plasmid fragment was purified with the QIAquick PCR purification kit protocol (Qiagen 28104). The 334-bp C terminus of OMP25 plus 151 bp of the 3′ UTR was amplified via PCR from the SYNJ2BP/OMP25 cDNA plasmid (Open Biosystems, Mammalian Gene Collection clone ID: 3952366). The PCR reaction added a XhoI restriction site sequence (CTCGAG) at the 5′ end and a PstI restriction site sequence (CTGCAG) at the 3′ end of the OMP25 fragment to facilitate cloning into pEGFP-C1. The expected OMP25 fragment was purified by electrophoresis using a 1% agarose gel containing 0.005% Midori green dye (Bulldog Bio; MG04) to visualize the DNA on a UV light box (365 nm). The OMP25 DNA fragment was excised and purified with a QIAquick gel extraction kit (Qiagen; 28704) followed by double digestion with XhoI and PstI and purified as described above. The purified and digested OMP25 fragment was ligated into the linearized pEGFP vector using T4-DNA ligase as described by the manufacture (New England BioLabs; M0208), and 10 µL of this reaction were used to transform competent DH5α cells (Invitrogen; 18265-017) following the manufacture's protocol. Cells were plated on LB plates containing 50 µg/mL kanamycin to select for transformed cells containing the pEGFP-OMP25 plasmid. Colonies were selected and grown in liquid LB media containing kanamycin. The plasmid was purified using a QIAprep Spin Miniprep Kit (Qiagen; 27104). Clones positive for the OMP25 fragment were screened by digestion with XhoI and PstI and validated by sequencing and expression in HeLa cells to confirm targeting of mitochondria. The OMP25 fragment was then amplified from the pEGFP-OMP25 plasmid with an SpeI (NEB; R0133) restriction site sequence (ACTAGT) at the 5′ end and a BamHI (NEB; R0136) restriction site sequence (GGATCC) at the 3′ end for cloning into a pC 4-Halo BamHI-SpeI digested vector. The pC 4-Halo vector was generated through the linearization of a pC 4 -R H E vector (Ariad Pharmaceuticals, Inc.) using XbaI (NEB; R0145) and SpeI followed by gel purification as described above. A Halo PCR amplified fragment from the pFN23K-Halo plasmid (Promega, G2861) was generated with XbaI (TCTAGA) and SpeI sequences added to the 5′ and 3′ end, respectively. The purified XbaI-Halo-SpeI fragment was then digested, gel purified and ligated to linearized pC 4 plasmid to generate a Halo-OMP25 plasmid. DH5α cells were then transformed and selected as described above and the Halo-OMP25 plasmid was isolated as described for pEGFP-OMP25.
Smo-Halo. To generate pC4S1-ss-Halotag-mSmo, a Halo-tag fragment was amplified from the pFN23K-Halo plasmid via PCR using primers containing XbaI and SpeI restriction sites followed by purification as described above. The Halo-Tag fragment was ligated into pC4S1-sspH-mSmo 41 that was also digested by XbaI and SpeI enzymes to remove the pHluorin fragment. The digested plasmid was purified from an agarose gel and ligated as described above using the XbaI-Halo-SpeI fragment. Plasmid isolation was performed as described above.
KDELR-mEos3.2. KDELR was amplified from human KDELR1 (ERD2) cDNA (gift from C.G. Giraudo, Children's Hospital of Philadelphia) and cloned into a pC 4 -R H E vector that was digested with EcoRI (NEB; R0101) and XbaI. XbaI and SpeI sequences were added via PCR to the 5′ and 3′ end, respectively, of the mEos3.2 fragment. The resulting fragment was amplified, digested and gel purified as described above, and ligated into the pC 4 -KDELR vector that had been digested with XbaI and SpeI. A myc tag (MQKLISEEDL) sequence (ATGCAGAAGCTGATCTCAGAGGAGGACCTG) was added as a linker between the KDELR and mEos3.2.
Halo-clathrin light chain. The plasmid mEos3.2-CLC 9 was digested with AgeI (NEB; R05520) and XhoI (NEB; R0146) to remove the mEos3.2 fragment and purified as described above. We then we ligated a PCR amplified and purified Halo fragment that was digested with AgeI and XhoI using the procedure described above. Finally, plasmid isolation was performed as described above.
Halo-Sept9. A GFP-Sept9 plasmid 46 (from E.T. Spilitotis at Drexel University) was digested with AgeI and XhoI enzymes to remove the GFP fragment. The digested plasmid was gel-purified as described above and ligated to a PCR-amplified Halo fragment containing 5′ and 3′ end 15-nt homology sequence to the linearized plasmids following In-Fusion HD cloning and bacteria transformation (Clontech, Inc; 638909).
tdEos-TOM20. The plasmid tdEos-TOMM20-N-10 was a gift from M. Davidson (Addgene plasmid 57681).
sspH-mSmo. pC4S1-ss-pH-mSmo was previously described 41 . Supplementary Figure 3 were performed in 35-mm glass-bottom dishes (Mattec P35G-1.5-14-C) that were cleaned before use by sonication with KOH 7 . Cells were transfected with the plasmids described in section 1.3 using Lipofectamine 3000 (Life Technologies) according to the manufacturer's protocol. For expression of Halo-CLC, cells were transfected 2 d before imaging. For expression of Halo-Sept9, transfection was achieved by electroporation using a Super Electroporator NEPA21 (Nepa Gene Co., Ltd) applying the following two-step pulse sequence: two 5-ms pulses with 50-ms intervals (150 V) for poring and five 50-ms pulses with 50-ms intervals (20 V) for transfer. RPE cells were electroporated 2 d before imaging. Cells transfected with Halo-tag proteins were incubated with 500 µL of 500 nM HMSiR-CA in PBS containing 1% casein hydrolysate for 1 h at 37 °C. After washing, the cells were incubated with phenol red-free DMEM (Gibco) containing 10% FBS and 25 mM HEPES (DMEM ph(−)) for 2 h at 37 °C to wash out the unreacted dye. Subsequently, the medium was replaced with fresh DMEM, and then SMS imaging was carried out at room temperature with a laser intensity of 9.9 kW/cm 2 .
Labeling Halo-fusion proteins with HMSiR-CA. Reactions shown in
1.5 Confocal microscopy. Spinning-disk confocal microscopy was performed using a Improvision UltraVIEW VoX system (Perkin-Elmer) built around a Nikon Ti-E inverted microscope, equipped with PlanApo objectives (60×, 1.45 NA) and controlled by the Volocity software (Improvision). To image Hoechst 33342, GFP and HMSiR, 405-nm, 488-nm and 640-nm laser lines with appropriate filters (445 ± 30 nm, 527 ± 23 nm and 705 ± 45 nm, respectively) were used. 3D images with a thickness of 12 µm and 0.5 µm between each layer were taken with an exposure time of 300 ms and are shown as an extended focus in the figures.
General methods: super-resolution microscopy and image analysis.
2.1 2D super-resolution microscope setup. 2D super-resolution images were recorded on a custom-built setup modified from a previously published version 9, 47 . Briefly, a 405-nm laser (CrystaLaser) and a 560-nm laser (500 mW; MPB Communications) were used for the activation and excitation of mEos3.2, respectively. A 642-nm laser (500 mW; MPB Communications) was used for the excitation of HMSiR. All three lasers were combined and controlled by an acousto-optic tunable filter (AOTFnC-400.650-TN, AA OptoElectronic). The fluorescent signal was collected by an oil-immersion objective lens (100×, 1.49 NA, Olympus or 100×, 1.46 NA, Zeiss), passed through a dichroic beamsplitter (FF408/504/581/667/762, Semrock) and a bandpass filter (FF01-440/521/607/694/809, Semrock), separated by a custom beamsplitter (T640spxr, Chroma), passed through two emission filters (ET605/70 and ET700/75, Chroma), respectively, and focused onto two regions of a sCMOS camera (Orca Flash 4.0; Hamamatsu Photonics). A pair of relay lenses was used to achieve an effective pixel size of 103 nm. Typically, the images were taken at 400 frames per second under wide-field illumination. A custom-built focuslock system was used to prevent axial drift of the sample during data acquisition 47 . Briefly, a 940-nm fiber-coupled diode laser (LP940-SF30; Thorlabs) was introduced into the system through total internal reflection illumination and its reflection from the coverglass-buffer interface was imaged onto a USB CMOS camera (DCC1545M; Thorlabs). The position of the reflected light on the camera chip was localized and used as feedback to adjust a piezoelectric objective positioner (P721.CLQ; Physik Instrumente), keeping the axial focal drift to less than 10 nm.
2.2 Super-resolution data analysis. All data were analyzed using sCMOSspecific algorithms as previously described 9 . Briefly, raw images were first corrected according to the calibration map of the sCMOS camera. After that, single molecules were identified and segmented in the raw images and then fitted using the sCMOS-specific algorithm. For two-color registration, 100-nm fluorescent beads (TetraSpeck; Thermo Fischer Scientific) were imaged to produce a transformation matrix, which was then applied to the super-resolution images. The registration error was found to be between 4 and 8 nm. The FWHM values of the intensity line profiles were obtained by fitting them to a Gaussian distribution. In Figures 2c-f and 4b-d , time-lapse images were temporally processed by a Kalman filter using default parameters: acquisition noise variance = 0.05 and bias = 0.8. Cer-HMSiR, RhoB-TCO, DiI-TCO and DiI-C6-TCO movies were adjusted for bleaching (ImageJ). Supplementary  Figure 6 were performed in MATLAB R2014a. To estimate the number of localized molecules over time, a simple model was developed that uses only two parameters: the ON-fraction (the proportion of photoactivatable molecules that are activated in a single frame) and the number of molecules (typically expressed as density, given a fixed area). It is assumed that each molecule is activated once, is visible for one frame and then turns off reversibly or bleaches irreversibly. Furthermore, it is assumed that each molecule that is visible can also be localized and that molecules are activated and localized independently of one another.
Monte Carlo simulations of single molecule localization. Simulations of single-molecule localization counts and positions illustrated in
Given a constant ON-fraction f ∈ [0,1] and N i molecules that can still be activated in frame i, the number of visible (and therefore localized) molecules is M i = fN i . Because photoactivation is a stochastic process, M i is actually an expression of the expected number of activated molecules; however, in our simulations, the stochasticity of the process is ignored and M i is treated as the actual number of visible, localized molecules. This results in a simple exponential decay in the number of localized molecules over time that asymptotically approaches 0.
To estimate the positions of the molecules as well as the counts, a description of the field of view is also required. This description can be accomplished using a binary mask, an image in which pixels have either intensity 1, indicating that molecules may be located in that pixel, or 0, indicating that molecules may not be located there. The mask can be easily generated from a pre-existing image by thresholding; the mask of the ER used in this paper was generated from a wide-field image with a threshold determined by MATLAB's graythresh function 48 . Each molecule is then assigned to one of the ON pixels by random sampling, locating it at the upper left corner of the pixel. Additionally, the x and y coordinates of each molecule are incremented by random numbers drawn from a uniform distribution on the interval [0,1) so that the molecules will be evenly distributed within the pixels, rather than locked to a grid.
Statistical tests. All results were analyzed with a two-tailed t-test.
For decay times (τ values), ON fraction estimations and labeling density estimations, average values ± s.e.m. of n regions of interest (ROI) from N samples are indicated. All n values and type of replicates for experiments are shown in the respective figure legends. A summary of all values (including P values) can be found in Supplementary Table 1 . P > 0.05 is indicated as "ns" in the plots within the figures. P ≤ 0.05, ≤ 0.01, ≤ 0.001 and 0.0001 are indicated by *, **, *** and ****, respectively.
2.5 Estimation of labeling density. All localizations in a labeled area were counted and background localizations from an unlabeled area were subtracted to determine the localization density. The labeling density was estimated from the localization density using the blinking number, T ON time per event (from Supplementary Fig. 2 ) and frame rate at the laser power used for imaging as follows:
Estimation of ON fraction.
Common methods 23, 26 to determine the ON fraction at a single-molecule level can only be used when a sample fulfills two criteria. First, the fluorophores in the sample must be distributed sparsely to ensure that their corresponding diffraction-limited point spread functions do not overlap. Second, the fluorophores in the sample must be fixed in space and unable to diffuse out of position. These criteria ensure that each blinking event can be assigned to a specific molecule.
Because HIDE probes diffuse throughout a membrane, we needed to develop an alternative method based on values that we can measure. First, we estimated the ON fraction based on the assumptions used during our Monte Carlo simulations (Supplementary Fig. 6 ). We assume that the ON fraction f of any given molecule is the same before bleaching; this assumption is reasonable because switching is governed by a ground state equilibrium. Thus, a decrease in the number of localizations per frame (due to bleaching) as the frames are acquired should follow a simple exponential decay. These assumptions do not take the number and duration (T ON ) of blinking events per molecule into account, but they allow us to fit the imaging data (localizations per frame) to an exponential and extract a τ value that is equal to 1/f.
To test this method, we imaged Halo-GST-HMSiR (prepared from reaction of Halo-GST with HMSiR-CA) that had been immobilized and distributed densely on a glass slide (too densely to assign a blinking event to a single molecule) to ensure that we could observe a sufficient number of localizations per frame to enable a fit to an exponential decay function. Subsequent fitting of the data and extraction of f as described above provided an estimated ON fraction of 0.20 ± 0.037% for Halo-GST-HMSiR ( Fig. 1 and Supplementary Table 1) .
Next, to validate our method, we compared the ON fraction we calculated for Halo-GST-HMSiR densely distributed on a glass slide (as described above) to the ON fraction calculated for Halo-GST-HMSiR sparsely distributed on a glass slide. We imaged Halo-GST-HMSiR that had been immobilized and distributed sparsely on a glass slide to ensure no overlapping diffraction-limited point spread functions (and in this case were able to assign each blinking event to a single molecule). Using the equation for ON fraction (ON fraction = T ON /(T ON + T OFF )), we calculated an ON fraction of 0.65 ± 0.19% from measured T ON and T OFF values (Supplementary Fig. 2) . The small absolute difference of the ON fraction calculated using our new method (0.20%) and the previously established method (0.65%) suggests that the new method is reasonable in many cases where the previously described method cannot be applied, especially when comparing ON fractions that are over an order of magnitude apart, as is the case for dyes conjugated to either proteins and lipids.
Optimization of HMSiR blinking for speed, resolution and environment.
3.1 Optimization of imaging parameters. Poly-l-lysine (200-300 µL, 0.01%) was added to a KOH-washed coverglass (section 1.5) and incubated for 30 min at room temperature (RT). After rinsing with PBS, 150-200 µL of a solution of Halo-GST fusion protein (a gift from Promega Corp.) in PBS (2 ng/mL) was added to the dish and incubated for 30 min at RT. After washing with PBS, 500 µL of a solution of HMSiR-CA (100 nM) in PBS containing 1% casein hydrolysate was added and incubated for 30 min at RT. Finally, the dish was washed at least six times with PBS. Samples were then imaged at room temperature and eight photophysical parameters were determined at four different laser intensities: 3.26, 9.24, 16.6 and 30.8 kW cm −2 (Supplementary Fig. 2) . Figure 5 and Supplementary  Figure 18 were prepared according to our previous report 28 . Briefly, cells were incubated with 500 µL of 2 µM Cer-TCO in PBS containing 1% casein hydrolysate and 0.2% Pluronic F-127 for 5 min at 37 °C. After washing with DMEM ph(−), the cells were incubated for 1 h at 19.5 °C in DMEM ph(−). Next, the cells were washed with DMEM ph(−) and 500 µL of 300 nM HMSiRTz in PBS containing 1% casein hydrolysate was added to the dish. The dish was incubated for 30 min at 19.5 °C and after another washing step, DMEM ph(−) was added as imaging buffer and SMS imaging was carried out at room temperature with a laser intensity of 9.9 kW/cm 2 .
Synthesis of
Colocalization of Cer-HMSiR with GalNAcT2-GFP.
A HeLa cell line stably expressing GalNAcT2-GFP as a Golgi marker was used as previously reported 28 . After labeling the Golgi in live cells with Cer-TCO and HMSiRTz as described above, the cells were fixed with 4% paraformaldehyde for 10 min at RT. After washing, a sodium phosphate buffer (0.2 M Na 2 HPO 4 , 0.1 M citric acid, pH 5) was added to the dish and the confocal images shown in Supplementary Figure 7 were acquired.
Labeling the ER with
Cer-TCO and HMSiR-Tz. For ER labeling with Cer-TCO, HeLa cells were incubated with 500 µL of 2 µM Cer-TCO in PBS containing 1% casein hydrolysate and 0.2% Pluronic F-127 for 1 h at 37 °C. Subsequently, the cells were washed with DMEM three times and then incubated with 500 µL of 300 nM HMSiR-Tz in PBS containing 1% casein hydrolysate for 30 min at 37 °C. DMEM ph(−) was then used to wash the cells three times before being used as imaging buffer, and SMS imaging was carried out at RT with a laser intensity of 9.9 kW/cm 2 . Cells imaged using 3D SMS were treated with an additional 500 µL of 150 nM TMR-Tz (Jena Bioscience) in PBS containing 1% casein hydrolysate after 15 min of incubation with HMSiR-Tz; the addition of TMR-Tz helps identify cells to image. The cells were washed with DMEM ph(−) three times after a total incubation time with HMSiR-Tz and TMR-Tz of 30 and 15 min, respectively, and subsequently imaged in DMEM ph(−) (Figs. 2 and 6 and Supplementary Fig. 7) .
Colocalization of Cer-HMSiR with KDELR-mEos3.2.
Prior to imaging, 35-mm glass-bottom dishes (Mattec P35G-1.5-14-C) were cleaned by sonication with KOH 7 . HeLa cells were transfected with KDELR-mEos3.2 using Lipofectamine 3000 (Life Technologies) according to the manufacturer's protocol. The transfected cells were then incubated with 500 µL of 2 µM Cer-TCO in PBS containing 1% casein hydrolysate and 0.2% Pluronic F-127 for 5 min at 37 °C. After washing with DMEM ph(−), the cells were incubated for 1 h at 37 °C in DMEM ph(−). Next, the cells were washed with DMEM ph(−) and 500 µL of 300 nM HMSiR-Tz in PBS containing 1% casein hydrolysate was added to the dish. The dish was incubated for 30 min at 37 °C and, after another washing step, DMEM ph(−) was added as imaging buffer and SMS imaging was carried out at room temperature with laser intensities of 2.90 kW/cm 2 at 560 nm (KDELR-mEos3.2) and 9.42 kW/cm 2 at 642 nm (Cer-HMSiR) to generate the images shown in Supplementary Figure 7. 4.5 Assessing phototoxicity. HeLa cells were cultured in dishes with an imprinted 50-µm grid (Ibidi, cat. # 81148). The cells were treated with Cer-TCO and HMSiR as described in section 4.2. Treated samples were mounted in a heating chamber (Harvard Apparatus, DH-35il) on the microscope for imaging (37 °C with 5% CO 2 ). For each sample, six ROIs were illuminated with the same objective used for super-resolution imaging (100×, 1.49 NA) at specific laser intensities (0.5 kW/cm 2 for 405 nm, 9.90 kW/cm 2 for 642 nm) for 15 min. The illuminated area was limited to 25 µm × 25 µm using a rectangular slit (OWIS, SP40). After illuminating six ROIs on each dish, the samples were maintained an incubator for 2 h and then evaluated using a LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (ThermoFisher, cat. no. L3224). Subsequently, the cells were imaged on the same microscope used for SMS imaging but using a 20× objective. Cells exhibiting green florescence were scored as alive whereas those exhibiting red florescence were scored as dead. The fraction of dead cells (F D = F D /(F D + F A )) was based on results from two independent imaging sessions. The images of cells after labeling look slightly different in Supplementary Figure 11 because they were imaged with two different objectives (100× versus 20×). We manually scaled and rotated the images to facilitate comparison. 
